The c-Jun N-terminal kinases (JNKs) are activated by a variety of stress inducing agents and are thought to regulate apoptosis in a cell type and signal-speci®c manner. We have used ®broblasts lacking JNK1 or JNK2 to de®ne their roles in response to dierent stress signals. Lack of JNK1 results in reduced c-Jun phosphorylation and resistance to UV-induced cell death. JNK2 de®cient cells show increased sensitivity to UV irradiation which correlates with elevated and sustained phosphorylation of JNK1 and c-Jun. On the contrary, both Jnk1 7/7 and Jnk2 7/7 cells were more sensitive to tumor necrosis factor -alpha (TNF-a) and sorbitolinduced cell death. Treatment of Jnk1 7/7 cells with these reagents resulted in reduced JNK activity and a concomitant reduction of c-Jun phosphorylation, suggesting that phosphorylation of c-Jun does not in¯uence TNF-a and sorbitol-induced apoptosis in ®broblasts. Moreover, both JNK1 and JNK2 appear to negatively regulate apoptosis independent of c-Jun phosphorylation. These data provide genetic evidence that although the JNK pathway is activated by a plethora of signals, it is required only for the induction of UV-induced cell death in a c-Jun phosphorylation-dependent manner, but not for TNF-a and sorbitol-induced apoptosis. Oncogene (2002) 21, 2441 ± 2445. DOI: 10.1038/sj/ onc/1205348
Keywords: JNK; c-Jun; apoptosis; UV irradiation; TNF-alpha; sorbitol Though the c-Jun N-terminal kinases (JNKs) are activated by a variety of stress signals, the functional consequence of JNK activation appears to be cell-type and signal-speci®c (Davis, 2000; Chang and Karin, 2001) . JNK activation and subsequent c-Jun phosphorylation correlates with and results in apoptosis induction in some cell types like neurons (Herdegen and Waetzig, 2001) . Ecient c-Jun phosphorylation by the JNKs appear to be a critical event in the induction of apoptosis of mature neurons, as mice lacking the brain-speci®c JNK3 isozyme, and mice carrying a c-jun allele in which the JNK phosphoacceptor sites are mutated to alanines (junAA mice), were shown to be resistant to kainate-induced neuronal apoptosis (Yang et al., 1997; Behrens et al., 1999) . Moreover, the absence of both JNK1 and JNK2 also aects neuronal apoptosis during embryonic development. Jnk1
7/7
Jnk2 7/7 fetuses were found to have an open neural tube at the hindbrain level with reduced apoptosis in the hindbrain neuroepithelium at embryonic day (E) 9.25, suggesting a pro-apoptotic role for the JNKs (Kuan et al., 1999; Sabapathy et al., 1999a) . However, the absence of both JNKs resulted in increased apoptosis at E10.5 in both the forebrain and hindbrain regions of the mutant fetuses, thus implying an anti-apoptotic role for the JNKs at this developmental stage (Sabapathy et al., 1999a) . In both instances, c-Jun appears not to be the target of the JNKs, as c-Jun de®cient fetuses do not display any of these phenotypes and c-Jun phosphorylation is not aected in the Jnk1 7/7 Jnk2 7/7 mutants (Hilberg et al., 1993; Kuan et al., 1999; Sabapathy et al., 1999a) . Moreover, both JNK1 and JNK2 were shown to play a pro-apoptotic role in thymocyte apoptosis induced by the incubation with anti-CD3 antibody (Sabapathy et al., 1999b ). Again, c-Jun phosphorylation appears to be essential for the JNK-mediated thymocyte apoptosis as thymocytes from junAA mice display a similar phenotype (Behrens et al., 2001) . Nonetheless, thymocyte apoptosis induced by UV irradiation and incubation with anti-Fas antibody was not aected in the absence of either JNK1 or JNK2, although the JNKs are activated by both signals (Sabapathy et al., 1999b ). These observations suggest that the fate of cells exposed to various stress signals does not always correlate with and is not always determined by JNK activity.
Fibroblasts lacking both JNK1 and JNK2, which display no appreciable JNK activity, were recently shown to be resistant to UV-induced cell death, due to inecient cytochrome-c release (Tournier et al., 2000) . However, the speci®c roles of the individual JNKs in UV-induced cell death was not explored in detail. We have performed a careful analysis using primary embryonic ®broblasts (MEFs) and immortalized Jnk1 7/7 and Jnk2 7/7 ®broblasts as a model system to address the issue of signal speci®city of JNK isozymes in the induction of cell death. We found that Jnk1
MEFs were more resistant to UV-induced cell death while Jnk2 7/7 MEFs were more sensitive to UVinduced cell death (wild-type: 52%; Jnk1 7/7 : 19%; Jnk2 7/7 : 64%) ( Figure 1a ). Immortalized ®broblasts gave similar results (wild-type: 36%; Jnk1 7/7 : 20%; Jnk2 7/7 : 72%) ( Figure 1b ). These ®ndings are consistent with the observations of Tournier et al. (2000) that the lack of JNK1 leads to partial resistance to UV-induced cell death. We next analysed JNK activity in these cells. Exposure to UV irradiation resulted in elevation of JNK activity in wild-type cells, as assayed by the solid-phase kinase assay using GST ± c-Jun as a substrate (Figure 2a (7) and UV irradiated (100 J/m 2 ) (+) cells were harvested 1 h post irradiation, lysed and the lysates were used for the assays. In brief, 100 mg of lysate was immunoprecipitated overnight with 0.3 mg of anti-JNK1 and 0.3 mg of anti-JNK2 antibodies (Santa Cruz), and IgG anti-rabbit agarose beads (Sigma). Immunoprecipitates were washed twice with lysis buer and once in kinase buer as described (Sabapathy et al., 1999b) . After complete removal of the buer, beads were used for kinase reaction using [ 32 P-g-]ATP and 2 mg of GST ± c-Jun (1-79) as a substrate. The reaction mixture was incubated at 308C for 30 min, boiled in SDS sample buer and separated on a 12% SDS ± PAGE gel. After drying the gel, the bands were visualized by autoradiography. Western blot analysis was performed using 100 mg of lysate and probed with anti-JNK1/JNK2 antibodies (Pharmingen). The arrows indicate the positions of the individual JNK isoforms. (b) Western blot analysis was performed as described above with 100 mg of lysate and probed with anti-phospho-c-Jun (S63) (kind gift of Drs M Yaniv and D Lallemand), anti-phospho-ATF-2 (New England Biolabs) and anti-actin (Sigma) antibodies ylation (Sabapathy K et al., submitted) . However, no signi®cant dierences were observed in the levels of phosphorylated ATF-2, another transcription factor which is a JNK target, between the wild-type and either Jnk1 7/7 or Jnk2 7/7 cells (Figure 2b ). These results demonstrate that absence of either JNK1 or JNK2 does not aect endogenous ATF-2 phosphorylation upon UV irradiation. Moreover, the JNK activity does not absolutely correlate with changes in the phosphorylation status of endogenous c-Jun. Though absence of JNK1 results in a dramatic reduction of JNK activity, it appears that there might be other JNK-independent mechanisms contributing to c-Jun phosphorylation, besides the existing JNK2 protein. In addition, JNK2 appears to be a weak phosphorylator of c-Jun and it is present in very small amounts in ®broblasts as compared to JNK1 (Figure 2a) . Furthermore, though absence of JNK2 resulted in unaltered JNK activity upon UV irradiation ( Figure  2a , and Tournier et al., 2000) , endogenous c-Jun phosphorylation is elevated in Jnk2 7/7 cells. This suggests that JNK2 has a negative regulatory role in c-Jun phosphorylation. It thus appears that the extent to which c-Jun is phosphorylated correlates with the amount of UV-induced cell death. It should be noted that ®broblasts from junAA mice are also resistant to UV-induced cell death (Behrens et al., 1999) , further reiterating that c-Jun phosphorylation is essential for and provides a pro-apoptotic signal for ecient UVinduced ®broblast cell death.
We next performed a time course study to analyse the status of c-Jun phosphorylation in Jnk2 7/7 cells. c-Jun was found to be more phosphorylated in Jnk2 7/ 7 cells compared to wild-type cells over time ( Figure  3a) . Interestingly, JNK1 was phosphorylated to a much greater extent in Jnk2 7/7 cells than wild-type cells (Figure 3a) . In wild-type cells, the phosphorylation of JNK1 was transient and was detectable around 30 min post irradiation after which there was a dramatic reduction in the amount of phosphorylated JNK1 protein (Figure 3a) . However, JNK1 phosphorylation was elevated in Jnk2 7/7 cells and the dephosphorylation rate was much slower (Figure 3a) . To obtain insights into the mechanisms of JNK1 phosphorylation in Jnk2 7/7 cells, we analysed the levels of the MAP kinase phosphatase-1 (mkp-1), an immediate early gene, whose product is known to dephosphorylate the JNKs and results in attenuation of the signal (Keyse, 1998) . Analysis of mkp-1 mRNA levels, which was induced strongly by UV irradiation, revealed no dierences between wild-type and Jnk2 7/7 cells ( Figure  3b ), indicating that deregulated dephosphorylation by MKP-1 was probably not causal to the elevated phosphorylation of JNK1. Moreover, the levels of phosphorylated p38 kinase which is also induced by UV irradiation was not signi®cantly altered in the absence of either JNK1 or JNK2 (Figure 3c ), indicating that the enhanced phosphorylation of JNK1 was a speci®c eect of the loss of JNK2 in ®broblasts. These data demonstrate that absence of JNK2 leads to increased c-Jun phosphorylation, which is probably a result of enhanced JNK1 phosphorylation. The mechanisms by which JNK2 negatively regulates JNK1 phosphorylation is unclear and requires further investigation.
We ®nally investigated whether two other JNK activating agents, namely TNF-a and sorbitol, aect cell viability in a c-Jun phosphorylation-dependent manner. Both Jnk1 7/7 and Jnk2 7/7 MEFs were found to be more sensitive to TNF-a and sorbitol when compared to wild-type cells, albeit to varying degrees (Figure 4a ). Jnk2 7/7 cells were more sensitive to sorbitol (wild-type: 42%; Jnk1 7/7 : 61%; Jnk2 7/7 : 78%) compared to Jnk1 7/7 cells. Conversely, Jnk1 7/7 cells were more sensitive to TNF-a treatment (wildtype: 45%; Jnk1
: 79%; Jnk2 7/7 : 63%) (Figure 4a ). These results were consistent in several independent 7/7 cells. Northern blot analysis was performed using 20 mg of total RNA and blots were probed with a mkp-1 speci®c probe and gapdh (housekeeping gene) probe. (c) Lysates were prepared as described in (a) and Western blot analysis was performed using anti-phospho-p38 and anti-p38 antibodies (New England Biolabs) experiments, indicating that the eects are signi®cant. Biochemical analysis again revealed that absence of JNK1 resulted in minimal JNK activity, whereas there was no signi®cant eect on kinase activity in the absence of JNK2 (Figure 4b) . Furthermore, phosphorylation of endogenous c-Jun was reduced in Jnk1
cells, but increased in Jnk2 7/7 cells, similar to the observations with UV irradiated cells (Figures 2b and  4b ). There were no signi®cant changes in the levels of phosphorylated ATF-2 (Figure 4b) . Thus, although absence of either JNK1 or JNK2 aects JNK activity and the status of endogenous c-Jun phosphorylation, these biochemical changes do not correlate with the sensitivity of the cells to apoptosis. These data provide genetic evidence that the JNKs do not signal apoptosis in response to TNF-a and sorbitol treatment, as the JNK mutant cells are not more resistant than their wild-type counterparts. Our ®ndings that there is no direct correlation between JNK activity and cell death support previous studies which suggested that the JNKs might not be involved in the execution of death in response to TNF-a, as JNK activation did not correlate with cell viability in Hela cells and L929 cells (Liu et al., 1996; Roulston et al., 1998) . It is also Figure 5 Proposed model of cell death by UV, TNF-a and sorbitol. The model shows that when wild-type cells are activated by UVC irradiation, JNK1 is the major isozyme responsible for phosphorylating c-Jun, whereas JNK2 appears to negatively regulate this event. Phosphorylation of c-Jun correlates and regulates UV-induced cell death in ®broblasts. However, although JNK1 in contrast to JNK2 is essential for ecient c-Jun phosphorylation in response to TNF-a and sorbitol stimulation, the status of c-Jun phosphorylation does not correlate with cell death. The role of c-Jun phosphorylation during TNF-a or sorbitol signaling is unclear (indicated by`?'). Moreover, it is apparent that TNF-a and sorbitol-induced cell death is transduced in a c-Jun independent manner, through other pathways indicated as`X'. Furthermore, absence of either JNK1 or JNK2 results in increased sensitivity to cell death induced by TNF-a and sorbitol, suggesting that the JNKs might signal against apoptosis and provide a protective signal possible that both the JNKs could provide a survival signal or might be involved in negatively regulating the apoptotic signal in response to TNF-a and sorbitol. However, it is noteworthy that as lack of either JNK resulted in marginally increased sensitivity to both these reagents, the observed increased sensitivity to cell death could also be an indirect eect of the loss of the Jnk genes. The exact role of JNKs and their activation by these reagents remains to be elucidated.
In summary, we have used a genetically de®ned cell system to analyse the eects of various JNK activating agents on cell death and found that JNK activation and consequent c-Jun phosphorylation correlates and is probably causal to cell death in response to UV irradiation ( Figure 5 ). In contrast, the role of JNK activation and c-Jun phosphorylation by TNF-a and sorbitol is at present unclear (indicated by`?') as JNK activity and c-Jun phosphorylation status do not correlate with cell death. Both JNK1 and JNK2 do not provide an apoptotic signal in response to these stimuli, but could provide an anti-apoptotic or protective signal that is not regulated by c-Jun phosphorylation, (Figure 5 ). Moreover, the results demonstrate that JNK1 is the main JNK isozyme responsible for the phosphorylation of c-Jun, whereas JNK2 appears to negatively regulate this phosphorylation event in ®broblasts. Thus, c-Jun phosphorylation is necessary for UV-induced cell death, but not for TNF-a or sorbitol induced cell death in ®broblasts.
